DATA SOURCES: We systematically searched MEDLINE, Embase, The Cochrane Library, and Cumulative Index to Nursing and Allied Health Literature from database inception through June 27, 2014.
STUDY SELECTION:
Included studies that empirically evaluated 1 or both of the prespecified objectives.
DATA EXTRACTION: Two independent reviewers extracted data and assessed the risk of bias. Diagnostic accuracy of sepsis identification was measured by sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and likelihood ratio (LR). Effectiveness was assessed by changes in sepsis care process measures and outcomes.
DATA SYNTHESIS: Of 1293 citations, 8 studies met inclusion criteria, 5 for the identification of sepsis (n 5 35,423) and 5 for the effectiveness of sepsis alerts (n 5 6894). Though definition of sepsis alert thresholds varied, most included systemic inflammatory response syndrome criteria 6 evidence of shock. Diagnostic accuracy varied greatly, with PPV ranging from 20.5% to 53.8%, NPV 76.5% to 99.7%, LR1 1.2 to 145.8, and LR2 0.06 to 0.86. There was modest evidence for improvement in process measures (ie, antibiotic escalation), but only among patients in non-critical care settings; there were no corresponding improvements in mortality or length of stay. Minimal data were reported on potential harms due to false positive alerts. Sepsis is the most expensive condition treated in the hospital, resulting in an aggregate cost of $20.3 billion or 5.2% of total aggregate cost for all hospitalizations in the United States. 1 Rates of sepsis and sepsisrelated mortality are rising in the United States. 2, 3 Timely treatment of sepsis, including adequate fluid resuscitation and appropriate antibiotic administration, decreases morbidity, mortality, and costs. [4] [5] [6] Consequently, the Surviving Sepsis Campaign recommends timely care with the implementation of sepsis bundles and protocols. 4 Though effective, sepsis protocols require dedicated personnel with specialized training, who must be highly vigilant and constantly monitor a patient's condition for the course of an entire hospitalization. 7, 8 As such, delays in administering evidence-based therapies are common. 8, 9 Automated electronic sepsis alerts are being developed and implemented to facilitate the delivery of timely sepsis care. Electronic alert systems synthesize electronic health data routinely collected for clinical purposes in real time or near real time to automatically identify sepsis based on prespecified diagnostic criteria, and immediately alert providers that their patient may meet sepsis criteria via electronic notifications (eg, through electronic health record [EHR], email, or pager alerts).
However, little data exist to describe whether automated, electronic systems achieve their intended goal of earlier, more effective sepsis care. To examine this question, we performed a systematic review on automated electronic sepsis alerts to assess their suitability for clinical use. Our 2 objectives were: (1) to describe the diagnostic accuracy of alert systems in identifying sepsis using electronic data available in real-time or near real-time, and (2) to evaluate the effectiveness of sepsis alert systems on sepsis care process measures and clinical outcomes.
MATERIALS AND METHODS

Data Sources and Search Strategies
We searched PubMed MEDLINE, Embase, The Cochrane Library, and the Cumulative Index to Nursing and Allied Health Literature from database inception through June 27, 2014, for all studies that contained the following 3 concepts: sepsis, electronic systems, and alerts (or identification). All citations were imported into an electronic database (EndNote X5; Thomson-Reuters Corp., New York, NY) (see Supporting Information, Appendix, in the online version of this article for our complete search strategy).
Study Selection
Two authors (A.N.M. and O.K.N.) reviewed the citation titles, abstracts, and full-text articles of potentially relevant references identified from the literature search for eligibility. References of selected articles were hand searched to identify additional eligible studies. Inclusion criteria for eligible studies were: (1) adult patients (aged 18 years) receiving care either in the emergency department or hospital, (2) outcomes of interest including diagnostic accuracy in identification of sepsis, and/ or effectiveness of sepsis alerts on process measures and clinical outcomes evaluated using empiric data, and (3) sepsis alert systems used real time or near real time electronically available data to enable proactive, timely management. We excluded studies that: (1) tested the effect of other electronic interventions that were not sepsis alerts (ie, computerized order sets) for sepsis management; (2) studies solely focused on detecting and treating central line-associated bloodstream infections, shock (not otherwise specified), bacteremia, or other device-related infections; and (3) studies evaluating the effectiveness of sepsis alerts without a control group.
Data Extraction and Quality Assessment
Two reviewers (A.N.M. and O.K.N.) extracted data on the clinical setting, study design, dates of enrollment, definition of sepsis, details of the identification and alert systems, diagnostic accuracy of the alert system, and the incidence of process measures and clinical outcomes using a standardized form. Discrepancies between reviewers were resolved by discussion and consensus. Data discrepancies identified in 1 study were resolved by contacting the corresponding author. 10 For studies assessing the diagnostic accuracy of sepsis identification, study quality was assessed using the Quality Assessment of Diagnostic Accuracy Studies revised tool. 11 For studies evaluating the effectiveness of sepsis alert systems, studies were considered "high quality" if a contemporaneous control group was present to account for temporal trends (eg, randomized controlled trial or observational analysis with a concurrent control). "Fair-quality" studies were before-andafter studies that adjusted for potential confounders between time periods. "Low-quality" studies included those that did not account for temporal trends, such as before-and-after studies using only historical controls without adjustment. Studies that did not use an intention-to-treat analysis were also considered "low quality." The strength of the overall body of evidence, including risk of bias, was guided by the Grading of Recommendations Assessment, Development, and Evaluation Working Group Criteria adapted by the Agency of Healthcare Research and Quality. 12 
Data Synthesis
To analyze the diagnostic accuracy of automated sepsis alert systems to identify sepsis and to evaluate the effect on outcomes, we performed a qualitative assessment of all studies. We were unable to perform a meta-analysis due to significant heterogeneity in study quality, clinical setting, and definition of the sepsis alert. Diagnostic accuracy of sepsis identification was measured by sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and likelihood ratio (LR). Effectiveness was assessed by changes in sepsis care process measures (ie, time to antibiotics) and outcomes (length of stay, mortality). (Tables  1 and 2 ). The clinical settings in the included studies varied and included the emergency department (ED), hospital wards, and the intensive care unit (ICU).
RESULTS
Description of Studies
Among the 8 included studies, there was significant heterogeneity in threshold criteria for sepsis identification and subsequent alert activation. The most commonly defined threshold was the presence of 2 or more systemic inflammatory response syndrome (SIRS) criteria. 10, 13, 17, 18 Diagnostic Accuracy of Automated Electronic Sepsis Alert Systems The prevalence of sepsis varied substantially between the studies depending on the gold standard definition of sepsis used and the clinical setting (ED, wards, or ICU) of the study (Table 3) . The 2 studies 14, 16 that defined sepsis as requiring evidence of shock had a substantially lower prevalence (0.8%-4.7%) compared to the 2 studies 10,13 that defined sepsis as having only 2 or more SIRS criteria with a presumed diagnosis of an infection (27.8%-32.5%).
All alert systems had suboptimal PPV (20.5%-53.8%). The 2 studies that designed the sepsis alert to activate by SIRS criteria alone 10,13 had a positive predictive value of 41% and a positive LR of 1.21 to 1.80. The ability to exclude the presence of sepsis varied considerably depending on the clinical setting. The study by Hooper et al. 10 that examined the alert among patients in the medical ICU appeared more effective at ruling out sepsis (NPV 5 96.7%; negative LR 5 0.06) compared to a similar alert system used by Meurer et al. 13 that studied patients in the ED (NPV 5 76.5%, negative LR 5 0.80). *Assessed using the Quality Assessment of Diagnostic Accuracy Studies revised tool.
10 † Recorded within a 24-hour period, mandating either abnormal temperature or white blood cell count. ‡ Included shock index, mean arterial pressure, international normalized ratio, white blood cell count, absolute neutrophil count, bilirubin, albumin, hemoglobin, and sodium. *Passive alerts do not require the provider to acknowledge the alert or take action. Text pages were automatically generated and sent. † Assessed by prespecified criteria of study design and intention-to-treat protocol. ‡ Not an intention-to-treat analysis. Only patients meeting SIRS criteria with a provider's affirmative response to a computerized query regarding suspected infection were analyzed. § Recorded within a 24-hour period, mandating either abnormal temperature or white blood cell count. ¶ Not an intention-to-treat analysis. Only medical records reviewed of individuals with an ICD-9 discharge code of sepsis.
k Not an intention-to-treat analysis. Three hundred ninety-eight patients triggered the alert, but only the 184 (46%) confirmed to have an admission diagnosis of infection by chart review were included in the analysis.
# Included shock index, mean arterial pressure, international normalized ratio, white blood cell count, absolute neutrophil count, bilirubin, albumin, hemoglobin, and sodium.
**Nurses and physicians on intervention wards received sepsis alert education prior to implementation; no education provided to control wards.
There were also differences in the diagnostic accuracy of the sepsis alert systems depending on how the threshold for activating the sepsis alert was defined and applied in the study. Two studies evaluated a sepsis alert system among patients presenting to the ED at the same academic medical center. 13, 14 The alert system (Nelson et al.) that was triggered by a combination of SIRS criteria and hypotension (PPV 5 53.8%, LR1 5 145.8; NPV 5 99.7%, LR2 5 0.37) outperformed the alert system (Meurer et al.) that was triggered by SIRS criteria alone (PPV 5 41.0%, LR1 5 1.80; NPV 5 76.5%, LR2 5 0.80). Furthermore, the study by Meurer and colleagues evaluated the accuracy of the alert system only among patients who were hospitalized after presenting to the ED, rather than all consecutive patients presenting to the ED. This selection bias likely falsely inflated the diagnostic accuracy of the alert system used by Meurer et al., suggesting the alert system that was triggered by a combination of SIRS criteria and hypotension was comparatively even more accurate.
Two studies evaluating the diagnostic accuracy of the alert system were deemed to be high quality (Table 4) . Three studies were considered low quality-1 study did not include all patients in their assessment of diagnostic accuracy 13 ; 1 study consecutively selected alert cases but randomly selected nonalert cases, greatly limiting the assessment of diagnostic accuracy 15 ; and the other study applied a gold standard that was unlikely to correctly classify sepsis (septic shock requiring ICU transfer with vasopressor support in the first 24 hours was defined by discharge International Classification of Diseases, Ninth Revision diagnoses without chart review), with a considerable delay from the alert system trigger (alert identification was compared to the discharge diagnosis rather than physician review of real-time data). 16 
Effectiveness of Automated Electronic Sepsis Alert Systems
Characteristics of the studies evaluating the effectiveness of automated electronic sepsis alert systems are Not all patients accounted for in the study. Only patients in the emergency department who were subsequently hospitalized were subjected to the gold standard and were included in the analysis.
§ Consecutive selection for cases, but random selection of noncases greatly limited evaluation of diagnostic accuracy. ¶ Gold standard was interpreted with knowledge of the results of the sepsis alert.
k Discharge International Classification of Diseases, Ninth Revision (ICD-9) diagnosis codes unlikely to correctly classify patients admitted to the hospital wards and subsequently transferred to the intensive care unit for septic shock and needing vasopressor support in the first 24 hours.
# There was a delay in time between the sepsis alert triggering and ascertainment of the gold standard (discharge ICD-9 diagnoses), which may result in misclassification.
summarized in Table 2 . Regarding activation of the sepsis alert, 2 studies notified the provider directly by an automated text page and a passive EHR alert (not requiring the provider to acknowledge the alert or take action), 10,14 1 study notified the provider by a passive electronic alert alone, 17 and 1 study only employed an automated text page. 19 Furthermore, if the sepsis alert was activated, 2 studies suggested specific clinical management decisions, 14, 17 2 studies left clinical management decisions solely to the discretion of the treating provider, 10, 19 and 1 study assisted the diagnosis of sepsis by prompting nurses to complete a second manual sepsis risk evaluation.
18 Table 5 summarizes the effectiveness of automated electronic sepsis alert systems. Two studies evaluating the effectiveness of the sepsis alert system were considered to be high-quality studies based on the use of a contemporaneous control group to account for temporal trends and an intention-to-treat analysis. 10, 19 The 2 studies evaluating the effectiveness of a sepsis alert system in the ED were considered low quality due to before-and-after designs without an intentionto-treat analysis. 14, 17 Neither of the 2 high-quality studies that included a contemporaneous control found evidence for improving inpatient mortality or hospital and ICU length of stay. 10, 19 The impact of sepsis alert systems on improving process measures for sepsis management depended on the clinical setting. In a randomized controlled trial of patients admitted to a medical ICU, Hooper et al. did not find any benefit of implementing a sepsis alert system on improving intermediate outcome measures such as antibiotic escalation, fluid resuscitation, and collection of blood cultures and lactate. 10 However, in a well-designed observational study, Sawyer et al. found significant increases in antibiotic escalation, fluid resuscitation, and diagnostic testing in patients admitted to the medical wards. 19 Both studies that evaluated the effectiveness of sepsis alert systems in the ED showed improvements in various process measures, 14, 17 but without improvement in mortality. 17 The single study that showed improvement in clinical outcomes (in-hospital mortality and disposition location) was of low quality due to the prestudy-poststudy design without adjustment for potential confounders and lack of an intention-totreat analysis (only individuals with a discharge diagnosis of sepsis were included, rather than all individuals who triggered the alert). 18 Additionally, the preintervention group had a higher proportion of individuals with septic shock compared to the postintervention group, raising the possibility that the observed Primary: sepsis-related process measures (antibiotic escalation, IV fluids, oxygen therapy, vasopressor initiation, diagnostic testing (blood culture, CXR) within 12 hours of alert Increases in receiving 1 measure (56% for control vs 71% for intervention, P 5 0.02), antibiotic escalation (24% vs 36%, P 5 0.04), IV fluid administration (24% vs 38%, P 5 0.01), and oxygen therapy (8% vs 20%, P 5 0.005). There was a nonsignificant increase in obtaining diagnostic tests (40% vs 52%, P 5 0.06) and vasopressor initiation (3% vs 6%, P 5 0.4) High Secondary: ICU transfer, hospital length of stay, hospital length of stay after alert, in-hospital mortality Similar rate of ICU transfer (23% for control vs 26% for intervention, P 5 0.6), hospital length of stay (7 vs 9 days, median, P 5 0.8), hospital length of stay after alert (5 vs 6 days, median, P 5 0.7), and in-hospital mortality (12% vs 10%, P 5 0. improvement was due to difference in severity of illness between the 2 groups rather than due to the intervention. None of the studies included in this review explicitly reported on the potential harms (eg, excess antimicrobial use or alert fatigue) after implementation of sepsis alerts, but Hooper et al. found a nonsignificant increase in mortality, and Sawyer et al. showed a nonsignificant increase in the length of stay in the intervention group compared to the control group. 10, 19 Berger et al. showed an overall increase in the number of lactate tests performed, but with a decrease in the proportion of abnormal lactate values (21.9% vs 14.8%, absolute decrease of 7.6%, 95% confidence interval, 215.8% to 20.6%), suggesting potential overtesting in patients at low risk for septic shock. In the study by Hooper et al., 88% (442/502) of the patients in the medical intensive care unit triggered an alert, raising the concern for alert fatigue. 10 Furthermore, 3 studies did not perform intention-to-treat analyses; rather, they included only patients who triggered the alert and also had provider-suspected or confirmed sepsis, 14, 17 or had a discharge diagnosis for sepsis. 18 
DISCUSSION
The use of sepsis alert systems derived from electronic health data and targeting hospitalized patients improve a subset of sepsis process of care measures, but at the cost of poor positive predictive value and no clear improvement in mortality or length of stay. There is insufficient evidence for the effectiveness of automated electronic sepsis alert systems in the emergency department.
We found considerable variability in the diagnostic accuracy of automated electronic sepsis alert systems. There was moderate evidence that alert systems designed to identify severe sepsis (eg, SIRS criteria plus measures of shock) had greater diagnostic accuracy than alert systems that detected sepsis based on SIRS criteria alone. Given that SIRS criteria are highly prevalent among hospitalized patients with noninfectious diseases, 20 sepsis alert systems triggered by standard SIRS criteria may have poorer predictive value with an increased risk of "alert fatigue"-excessive electronic warnings resulting in physicians disregarding clinically useful alerts. 21 The potential for alert fatigue is even greater in critical care settings. A retrospective analysis of physiological alarms in the ICU estimated on average 6 alarms per hour with only 15% of alarms considered to be clinically relevant. 22 The fact that sepsis alert systems improve intermediate process measures among ward and ED patients but not ICU patients likely reflects differences in both the patients and the clinical settings. 23 First, patients in the ICU may already be prescribed broad spectrum antibiotics, aggressively fluid resuscitated, and have other diagnostic testing performed before the activation of a sepsis alert, so it would be less likely to see an improvement in the rates of process measures assessing initiation or escalation of therapy compared to patients treated on the wards or in the ED. The apparent lack of benefit of these systems in the ICU may merely represent a "ceiling" effect. Second, nurses and physicians are already vigilantly monitoring patients in the ICU for signs of clinical deterioration, so additional alert systems may be redundant. Third, patients in the ICU are connected to standard bedside monitors that continuously monitor for the presence of abnormal vital signs. An additional sepsis alert system triggered by SIRS criteria alone may be superfluous to the existing infrastructure. Fourth, the majority of patients in the ICU will trigger the sepsis alert system, 10 so there likely is a high noise-to-signal ratio with resultant alert fatigue. 21 In addition to greater emphasis on alert systems of greater diagnostic accuracy and effectiveness, our review notes several important gaps that limit evidence supporting the usefulness of automated sepsis alert systems. First, there are little data to describe the optimal design of sepsis alerts 24, 25 or the frequency with which they are appropriately acted upon or dismissed. In addition, we found little data to support whether effectiveness of alert systems differed based on whether clinical decision support was included with the alert itself (eg, direct prompting with specific clinical management recommendations) or the configuration of the alert (eg, interruptive alert or informational). 24, 25 Most of the studies we reviewed employed alerts primarily targeting physicians; we found little evidence for systems that also alerted other providers (eg, nurses or rapid response teams). Few studies provided data on harms of these systems (eg, excess antimicrobial use, fluid overload due to aggressive fluid resuscitation) or how often these treatments were administered to patients who did not eventually have sepsis. Few studies employed study designs that limited biases (eg, randomized or quasiexperimental designs) or used an intention-to-treat approach. Studies that exclude false positive alerts in analyses could bias estimates toward making sepsis alert systems appear more effective than they actually were. Finally, although presumably, deploying automated sepsis alerts in the ED would facilitate more timely recognition and treatment, more rigorously conducted studies are needed to identify whether using these alerts in the ED are of greater value compared to the wards and ICU. Given the limited number of studies included in this review, we were unable to make strong conclusions regarding the clinical benefits and cost-effectiveness of implementing automated sepsis alerts.
Our review has certain limitations. First, despite our extensive literature search strategy, we may have missed studies published in the grey literature or in non-English languages. Second, there is potential publication bias given the number of abstracts that we identified addressing 1 of our prespecified research questions compared to the number of peer-reviewed publications identified by our search strategy.
CONCLUSION
Automated electronic sepsis alert systems have promise in delivering early goal-directed therapies to patients. However, at present, automated sepsis alerts derived from electronic health data may improve care processes but tend to have poor PPV and have not been shown to improve mortality or length of stay. Future efforts should develop and study methods for sepsis alert systems that avoid the potential for alert fatigue while improving outcomes.
